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HIGHLIGHTS 


►  We  quantitatively  determine  electrooxidation  of  carbon  support  materials. 

►  We  can  distinguish  between  the  total  and  partial  electrooxidation. 

►  Non  or  mildly  heat  treated  carbon  forms  passivating  layer. 

►  Heat  treated  carbons  are  less  sensitive  to  oxidation-reduction  cycles. 
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The  intention  of  the  study  presented  here  is  to  compare  the  electrochemical  oxidation  tendencies  of 
a  pristine  Ketjen  Black  EC300  high  surface  area  (HSA)  carbon  black,  and  four  graphitised  counterparts 
heat-treated  between  2100  and  3200  °C,  such  as  those  typically  used  as  corrosion  resistant  carbon  (CRC) 
supports  for  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  catalysts.  A  methodology  combining  cyclic 
voltammetry  (CV)  and  differential  electrochemical  mass  spectrometry  (DEMS)  is  used,  which  allows  the 
characterisation  and  comparison  of  the  complete  electrochemical  oxidation  rates  and  behaviours  of  the 
various  carbon  blacks.  It  is  observed  that  the  behaviour  of  the  carbon  black  towards  electrochemical 
oxidation  is  highly  dynamic,  and  dependent  on  the  properties  of  the  pristine  carbon  back,  the  degree  of 
electrochemical  oxidation  and  the  potential  pre-history.  The  behaviour  of  the  non-graphitised  and  CRC 
samples  graphitised  <2450  °C  suggests  that  electrochemical  oxidation  leads  to  the  passivation  of  the 
carbon,  which  when  reduced  in  a  potential  excursion  to  <0.24  Vrhe  is  lost  allowing  subsequent  oxida¬ 
tion;  however,  CRC  samples  graphitised  >2800  °C  did  not  exhibit  this  same  behaviour. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  key  aspects  of  polymer  electrolyte  membrane  fuel  cell 
(PEMFC)  research  and  development  are  focused  towards  resolving 
issues  concerning  cost,  efficiency  and  durability.  In  terms  of  dura¬ 
bility,  several  processes  such  as  PEM  thinning,  gas  diffusion  layer 
degradation,  electrocatalyst  (Pt)  particle  sintering  and  support 
corrosion  have  been  found  to  contribute  to  the  PEMFC  performance 
deterioration  [  1  ],  of  which  the  latter  two  factors  are  directly  related 
to  the  characteristics  of  the  electrocatalyst  material.  These  elec¬ 
trocatalysts  typically  consist  of  Pt  nanoparticles  that  are  finely 
dispersed  on  a  high  surface  area  (HSA)  carbon  black,  which  serve  as 
almost  ideal  supports  because  of  their  high  surface  area,  good 
electric  conductivity  and  porosity.  The  standard  electrode  potential 
of  0.207  Vrhe  for  the  complete  oxidation  of  carbon  to  C02,  however, 
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suggests  that  carbon  is  rather  unstable  in  the  PEMFC  environment 
and  inherently  prone  to  electrochemical  oxidation.  Of  particular 
concern  is  the  number  of  start-stop  events  necessary  in  automo¬ 
tive  PEMFC  applications  [2-7],  during  which  the  potential  of  the 
cathode  may  reach  potentials  up  to  1.75  Vrhe  [6]  causing  consid¬ 
erable  quantities  of  C02  to  be  evolved  [8]  degrading  the  electro¬ 
catalyst  and  subsequently  the  performance  of  the  PEMFC.  A 
thorough  fundamental  understanding  of  the  failure  modes  for  each 
component  in  the  development  mitigating  strategies  to  improve 
PEMFC  endurance  is  therefore  urgently  required  [1]. 

There  are  essentially  two  types  of  approach  to  the  study  of 
PEMFC  degradation  processes:  (i)  lifetime  testing  (LT)  and  (ii) 
accelerated  stress  testing  (AST)  [1,9].  LT  involves  operating  the 
PEMFC  as  it  is  intended  to  be  used,  which  although  certainly 
provides  the  most  reliable  indication  of  durability  is  both  time 
consuming  and  expensive  with  slow  accumulation  of  data,  whose 
interpretation  is  complicated  by  the  wide  range  of  parameters  that 
can  influence  the  long  term  durability  of  PEMFCs  [10].  Conse¬ 
quently,  AST  is  a  considerably  more  popular  approach  to  assessing 


S.J.  Ashton,  M.  Arenz  /  Journal  of  Power  Sources  217  (2012)  392—399 


393 


PEMFC  durability.  These  ASTs  can  take  two  forms,  and  involve 
either  in  situ  or  ex  situ  methodologies,  similarly  to  the  approach  in 
assessing  PEMFC  electrocatalyst  activities  [11,12]. 

In  situ  AST  methods  typically  involve  fabricating  an  membrane 
electrode  assembly  (MEA)  and  subjecting  it  to  specific  treatments 
under  controlled  conditions  that  push  the  boundaries  of  the 
intended  operating  region  of  the  PEMFC  in  order  to  stress  and 
accelerate  the  degradation  of  the  MEA  components.  In  such 
experiments,  the  performance  of  the  MEA  is  often  monitored  as 
a  function  of  the  AST  parameters ),  such  as  current  load,  current 
load  cycles  or  operating  temperature  [2,7,13-15].  The  effect  of  the 
AST  treatment  on  the  MEA  components  may  then  be  assessed  by 
analysing  the  condition  of  the  MEA  after  a  degradation  treatment 
[13,15-17],  identifying  process  such  as  cathode  thinning,  Pt  particle 
loss  and  Pt  dissolution  and  re-precipitation  [16,17].  There  are  also 
more  sophisticated  experiments  which  monitor  corrosion 
processes  online,  for  example,  by  measuring  and  correlating  the 
C02  concentration  in  cathode  PEMFC  exhaust  gas  using  FTIR 
spectroscopy  [18,19]  or  sampled  gas  chromatography  [7,14]  with 
the  deterioration  in  the  PEMFC  performance.  Although  undoubt¬ 
edly  essential,  in  situ  AST  methods  are  still  relatively  expensive  and 
require  the  control  of  a  large  number  of  experimental  variables 
(temperature,  pressure,  humidity  etc.)  and  fabrication  of  the  MEA. 
The  screening  of  HSA  electrocatalysts  and/or  corrosion  resistant 
carbon  (CRC)  HSA  catalyst  support  materials,  as  well  as  the  precise 
elucidation  of  degradation  processes  to  specific  PEMFC  components 
(whose  deterioration  may  not  be  uniform  but  localised  [15])  in  situ, 
therefore,  is  by  no  means  trivial. 

A  complementary  approach  using  ex  situ  AST  techniques  is 
therefore  valuable  in  order  to  enhance  our  fundamental  under¬ 
standing  of  the  degradation  processes  of  specific  components.  For 
example,  studies  using  three-electrode  electrochemical  half  cells 
have  investigated  the  electrochemical  oxidation  of  model  carbons 
[20,21],  carbon  blacks  [22-24]  and  HSA  carbon  supported  Pt 
catalysts  [22,25-29].  These  studies  typically  involve  applying 
a  certain  electrochemical  treatment,  using  either  CV  [25,26,30], 
chronoamperometry  [22]  or  potential  pulse  [22,31]  perturbation  to 
a  potential  of  at  least  1.2  Vrhe,  with  the  intention  of  electrochem- 
ically  oxidising  the  carbon  or  electrocatalyst  material.  The  anodic 
electrode  current  observed  is  then  often  referred  to  as  corrosion 
current  [23]  or  it  is  assumed  to  correspond  with  the  loss  of  carbon 
material  [22].  The  electrochemical  AST  treatment  is  then  compared 
to  a  measurable  property  such  as  the  apparent  electrode  double¬ 
layer  capacitance  [22]  or  the  nature  of  the  surface  oxygen  con¬ 
taining  functional  groups  [31].  In  electrochemical  half-cell  studies 
on  HSA  carbon  supported  Pt  catalyst  corrosion,  however,  the 
analysis  of  the  electrode  current  is  further  complicated  by  the 
electrochemical  reactions  of  the  supported  Pt  particles,  in  partic¬ 
ular  the  oxidation  of  the  Pt  surface  >  0.74  Vrhe  And  the  oxygen 
evolution  reaction  (OER)  >  1.5  Vrhe-  Using  standard  electro¬ 
chemical  half-cell  methods  therefore,  it  is  impossible  to  decipher 
the  carbon  oxidation  current  based  on  the  electrode  current  alone. 
Consequently,  a  measurable  property  of  the  electrocatalyst  such  as 
the  electrochemical  surface  area  (ECSA)  of  the  supported  Pt  parti¬ 
cles  is  often  related  to  a  parameter  of  the  corrosion  treatment,  such 
as  number  of  CVs  [25,26,30],  potential  pulses  [20]  or  potential  hold 
time  [22,32],  analogous  to  in  situ  AST  approaches.  These  method¬ 
ologies  have  also  been  enhanced  by  utilising  analytical  techniques 
such  as  transmission  electron  microscopy  (TEM)  [25,26],  secondary 
electron  microscopy  (SEM)  [21],  atomic  force  microscopy  (AFM) 
[30,32],  X-ray  photoelectron  microscopy  (XPS)  [20,30,32]  and 
EQCM  [24].  Alternatively,  corrosion  half-cell  studies  may  also  focus 
on  the  dissolution  of  pure  Pt  electrodes  [33]. 

Standard  ex  situ  electrochemical  half-cell  techniques  are 
nevertheless  limited  to  the  clouded  interpretation  of  a  single 


electrode  current,  even  though  a  number  of  different  electro¬ 
chemical  reaction  processes  are  known  to  occur  in  the  high 
potential  regions  >  1.2  Vrhe-  Differential  electrochemical  mass 
spectrometry  (DEMS)  is  therefore  potentially  very  useful  in  the 
fundamental  study  of  electrochemical  oxidation  processes  by 
quantitatively  measuring  C02  and  02,  and  has  already  been 
demonstrated  in  a  handful  of  largely  qualitative  corrosion  studies 
[34-36]. 

In  the  work  presented  here,  we  apply  our  recently  developed 
methodology  [37]  which  combines  CV  and  DEMS  in  order  to 
quantitatively  characterise  and  compare  the  ex  situ  electrochemical 
oxidation  tendencies  of  a  pristine  Ketjen  Black  EC300  HSA  carbon 
black  and  four  graphitised  CRC  counterparts  that  were  heat-treated 
between  2100  and  3200  °C. 

2.  Experimental 

The  DEMS  instrument  is  in  principle  of  similar  design  to  that 
reported  previously  [38].  It  consists  of  a  dual-cyclone  thin-layer 
electrochemical  flow  cell,  a  microporous  PTFE  membrane  (Gore, 
0.03  pm  pore  size)  interface,  and  a  3-stage  differentially  pumped 
high  vacuum  system  including  quadrupole  mass  spectrometer 
(QMS)  (Pfeiffer  Vacuum  QMA  422).  The  counter  electrode  (CE)  is 
positioned  in  a  side-compartment  of  the  thin-layer  working  elec¬ 
trode  (WE)  flow  cell,  located  to  the  side  of  the  cell  inlet,  whilst  the 
reference  electrode  (RE)  is  located  in  a  sealed  compartment  situ¬ 
ated  on  the  outlet  of  the  flow  cell.  An  electrolyte  flow  rate  of 
5  pL  s-1  through  the  thin-layer  flow  cell  was  maintained  using 
a  KDS  200  precision  syringe  pump  (located  on  the  flow  outlet) 
withdrawing  electrolyte  from  an  Ar  (purity  5.0)  gas  purged  reser¬ 
voir.  In  order  to  avoid  potentiostat  oscillation  a  stabilising  resistor 
(~30  Q)  was  added  in  series  to  the  WE  connection,  and  compen¬ 
sated  for  using  a  custom  built  negative  impedance  device  (NID). 
The  resulting  uncompensated  solution  resistance  (determined 
using  AC  voltammetry  at  5  mV,  5000  Hz  and  5  mV  s-1),  typically 
~10  Q,  was  then  corrected  for  during  post  measurement  data 
treatment. 

For  the  measurements,  each  carbon  black  stock  suspension  was 
prepared  by  ultrasonically  dispersing  the  powdered  sample  in 
Millipore  Milli-Q  water  to  give  solution  concentration  of 
2.5  pgc  pr1  (EC300)  and  4.3  pgc  pi-1  (graphitised  samples).  Each 
measurement  sample  was  then  prepared  by  pipetting  20  pL  of  the 
stock  suspension  onto  a  mirror  polished  5  mm  0  polycrystalline  Au 
WE  substrate  and  dried  in  air  to  provide  a  sample  loading  of 
50  pgc  cm”2  and  85  pgc  cm-2,  respectively.  All  experiments  were 
performed  at  room  temperature  (295  K)  in  aqueous  0.5  mol  dm  3 
H2S04  (Normaton;  Merck,  Germany)  electrolyte  prepared  in  Milli¬ 
pore  Milli-Q  water  (<18.3  MQ  cm-1,  TOC  <  5  ppb).  The  DEMS  cell 
collection  efficiency  was  determined  prior  to  each  experiment  via 
a  CO-stripping  measurement  on  a  polycrystalline  Pt  electrode,  and 
the  QMS  was  calibrated  for  C02  and  02  at  m\z  =  44  and  m\z  =  32, 
respectively.  The  \m\z=AA  and  lm\z= 32  mass  ion  currents  were  moni¬ 
tored  online  by  the  QMS,  and  the  equivalent  faradaic  current  (Jf) 
corresponding  to  the  production  of  C02  and  02  was  calculated 
(assuming  4  e  per  molecule)  using  the  respective  calibration 
constants  (2.95  and  1.65  C  mol”1)  and  measured  cell  collection 
efficiency  (0.3  ±  0.02  at  5  pL  s-1).  The  remaining  anodic  current 
that  could  not  be  attributed  to  either  the  complete  carbon  oxidation 
reaction  (COR)  of  the  HSA  carbon  black  (/c 02),  or  the  OER  (/02)  and 
polycrystalline  Au  background,  is  ascribed  to  the  partial  COR.  All 
electrode  potentials  meanwhile  are  given  with  respect  to  the 
reversible  hydrogen  electrode  (RHE)  determined  using  the  HOR/ 
HER  over  polycrystalline  Pt  in  hydrogen  saturated  electrolyte.  The 
AST  measurement  procedure  is  presented  in  Section  3.2,  which  was 
performed  after  determining  the  capacitance  of  the  sample. 
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3.  Results  and  discussion 

3.1.  In  situ  method  of  determining  carbon  black  sample  loadings 

In  electrochemical  experimentation  on  thin-film  samples  sup¬ 
ported  on  a  WE  substrate  it  is  often  useful  to  be  able  to  non- 
destructively  determine  the  surface  area  (SA)  and/or  mass  of  the 
thin-film  sample  in  situ.  This  allows  the  SA  or  mass  of  the  elec¬ 
troactive  material  to  be  validated  prior  to  the  measurement  in 
order  to,  for  instance,  avoid  experimental  errors  that  may  arise 
from  the  sample  preparation  or  the  loss  of  the  thin-film  material, 
which  is  prone  to  detaching  from  the  WE  substrate  when  first 
submerged  into  electrolyte.  While  for  HSA  carbon  supported  Pt- 
based  catalysts,  the  SA  or  mass  of  Pt  may  be  non-destructively 
(and  rather  straightforwardly)  determined  by  integrating  the 
tfads/tfupd  region  or  a  CO-Stripping  peak  (using  CO  as  a  probe 
species);  for  non-Pt  based  materials  that  do  not  generally  adsorb 
a  probe  species,  the  SA  or  mass  determination  of  a  sample  in  situ 
poses  a  more  complex  problem  [39].  In  this  study,  the  mass  of  each 
of  the  HSA  carbon  black  thin-film  samples  deposited  on  the  WE 
substrate  were  characterised  in  situ  using  CV,  the  property  of 
electrode  capacitance  and  the  predetermined  gravimetric  capaci¬ 
tance  of  the  carbon  material.  This  method  is  outlined  for  the  Ketjen 
Black  EC300  carbon  in  Fig.  l(A-C). 

The  largely  featureless  CV  of  Ketjen  Black  EC300  in  Fig.  1(A),  is 
almost  rectangular  in  shape  and  appears  to  scale  proportionally 
with  the  potential  scan  rate,  both  of  which  are  characteristic  of 
capacitive  processes.  The  apparent  double-layer  capacitance  of  the 
electrode  may  then  be  extracted  and  plotted  as  a  function  of  the 
electrode  potential,  as  given  in  Fig.  1(B).  A  closer  inspection  reveals 
that  the  apparent  capacitance  does  not  remain  completely  constant 
over  the  whole  potential  range  between  0.05  and  1.05  Vrhe,  but 
instead  possesses  a  minor  parabolic  relationship  with  the  electrode 
potentials  during  the  CV  (ranging  from  3.6  to  3.8  mF  cm”2).  This  is 
furthermore  slightly  dependent  upon  the  potential  scan  rate, 
converging  at  higher  rates;  an  observation  that  may  be  related  to 
distributed  capacitance  effects  in  porous  electrodes  [40,41].  In 
order  to  determine  the  gravimetric  capacitance,  the  apparent 
double-layer  capacitance  at  0.25  Vrhe  (substrate  background  sub¬ 
tracted)  is  plotted  as  a  function  of  the  sample  loading  on  the  WE 
substrate  in  Fig.  1(C).  The  electrode  capacitance  scales  linearly 
within  the  applied  range  of  thin-film  sample  loading  for  each 
carbon  black,  and  the  gravimetric  capacitance  for  Ketjen  Black 
EC300  is  determined  from  the  slope  to  be  61  ±  4  F  g-1. 

Details  of  the  pre-determined  gravimetric  capacitances  of  all  the 
carbon  blacks  examined  in  this  study  are  given  in  Table  1,  and 
compared  with  the  BET  areas  and  heat-treatment  temperature. 
Using  these  values  the  sample  loading  of  HSA  carbon  black  material 
could  be  determined  prior  to  experimentation  by  measuring  the 


Table  1 

Details  of  the  heat-treatment  temperature,  BET  surface  area,  gravimetric  and 
specific-double-layer  capacitance  of  the  pristine  carbon  black  samples  investigated. 


Sample 

Treatment 

temp./°C 

BET 

area/m2  g-1 

Gravimetric 
capacitance/F  g  1 

Capacitance  per 

BET  area/pF  citibet 

EC300 

— 

720 

61.2  ±  4 

8.5 

(GS-2100) 

2100 

247 

14.1  ±  1 

5.7 

(GS-2450) 

2450 

230 

10.6  ±  1 

9.4 

(GS-2800) 

2800 

218 

7.5  ±  2 

3.4 

(GS-3200) 

3200 

135 

8.5  ±  1 

6.2 

electrode  capacitance  of  the  thin-film  sample,  subtracting  the  WE 
substrate  capacitance  and  comparing  this  to  the  pre-determined 
gravimetric  capacitance. 

In  comparing  the  different  carbons  employed  in  this  study  (see 
Table  1)  it  is  clear  that  the  BET  area  of  the  EC300  carbon  black 
(720  itibet  g_1)  is  significantly  larger  than  that  of  the  heat-treated 
(<247  itibet  g_1)  samples,  which  decreases  further  with  increasing 
graphitisation  temperature,  particularly  at  3200  °C  (135  itibet  g-1). 
This  observation  is  roughly  mirrored  by  the  gravimetric  capaci¬ 
tance,  owing  to  the  dependence  of  the  double-layer  capacitance  on 
the  surface  area  of  the  electrode,  which  in  principle  should  (but  not 
necessarily  in  practice)  be  rather  independent  of  the  electrode 
material  and  only  on  the  surface  area  of  the  interface.  The  obtained 
(see  Table  1)  capacitance  values  normalised  to  the  BET  area  are 
comparable  to  literature  values  that  typically  lie  in  the  range  of 
4-10  pF  citibet  for  a  number  of  carbon  blacks  in  various  electrolytes 
[41,42].  More  specifically,  the  8.5  pF  citibet  observed  for  the  EC300 
carbon  is  closely  comparable  to  the  8  pF  citibet  of  Vulcan  XC-72  [41  ]. 
In  the  practical  application  of  this  in  situ  method  of  validating  the 
carbon  mass  of  a  thin-film,  however,  it  is  important  to  note  that  the 
scaling  of  the  gravimetric  capacitance  with  the  carbon  loading  is 
prone  to  errors  arising  from  the  potentially  significant  influence  of 
the  WE  substrate  background.  The  substrate  capacitance  is  of  course 
ideally  much  smaller  than  that  of  the  thin-film  sample  and  must 
remain  constant  for  reliable  background  subtraction.  Materials  with 
lower  SA  such  as  the  graphitised  CRCs  (namely,  those  with  BET 
areas  <  250  m2  g'1)  are  therefore  more  susceptible  to  potentially 
significant  errors. 

3.2.  AST  measurement  procedure  using  OEMS 

The  applied  AST  treatment  was  designed  with  the  intention  of 
comparing  the  electrochemical  oxidation  tendencies  of  the  different 
carbon  black  samples  using  CV.  Prior  to  the  electrochemical  oxida¬ 
tion  treatment,  the  pristine  samples  were  first  characterised  using 
CV  between  0.05  and  1.0  Vrhe  At  various  scan  rates  between  0.02  and 
1.0  V  s-1.  The  potential  of  the  WE  was  then  stepped  to  1.05  Vrhe  in 
preparation  for  the  electrochemical  oxidation  study  on  the  HSA 


Potential/  VRHE 


Potential/  VRHE 


Sample  Loading/  pgc  cm 


Fig.l.  (A)  CV  series  of  EC300  HSA  carbon  black  recorded  with  various  potential  scan  rates  between  0.1  and  1.0  V  s”1  and  (B)  corresponding  potential  dependence  of  the  double-layer 
electrode  capacitance;  (C)  double-layer  capacitance  at  0.25  VRHe  plotted  as  a  function  of  sample  loading.  All  measurements  were  performed  in  Ar  saturated  0.5  mol  drrr3  H2S04 
electrolyte.  From  the  slope  of  the  linear  fit  (dashed  curve  (C))  a  gravimetric  capacitance  of  61  F  g_1  is  determined  for  the  EC300  HSA  carbon  black. 
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Fig.  2.  Illustration  of  the  AST  experimental  procedure  used  in  the  study.  The  procedure 
aims  to  reveal  and  compare  the  electrochemical  oxidation  tendencies  of  the  HSA 
carbon  black  supports  in  three  phases:  (i)  the  initial  oxidation,  (ii)  influence  of 
repeated  oxidation  and  (iii)  influence  of  lower  potential  limit  on  subsequent  oxidation. 


carbon  samples,  which  involved  the  comparison  of  three  experi¬ 
mental  phases  (depicted  in  Fig.  2):  phase  (i)  involves  comparing  the 
initial  CV  of  the  electrochemical  oxidation  to  2.05  Vrhe  At  5  mV  s-1; 
phase  (ii)  investigates  the  progressive  oxidation  tendencies  in  four 
CVs  between  1.05  and  2.05  Vrhe;  phase  (iii)  investigates  the  influ¬ 
ence  of  the  lower  potential  limit  which  is  progressively  decreased 
from  1.05  to  0.05  Vrhe  (in  200  mV  steps)  on  the  subsequent  CV  to 
2.05  Vrhe  at  20  mV  s_1. 


3.2.1.  Comparison  of  the  initial  electrochemical  oxidation  rates  of 
the  pristine  carbon  black  samples  (phase  (i)) 

In  order  to  reveal  the  differences  in  the  initial  electrochemical 
oxidation  tendencies  of  the  HSA  carbon  black  samples  using  DEMS 
and  CV,  an  initial  comparison  between  the  HSA  carbons  was  made 
upon  the  very  first  high  potential  excursion  (phase  (i))  from  1.05  to 
2.05  Vrhe  at  5  mV  s^1.  The  trend  of  decreasing  electrochemical 
oxidation  rates  with  increasing  graphitisation  temperature,  and 
decreasing  SA  observed  is  demonstrated  in  Fig.  3(A),  which  shows 
the  comparison  between  the  linear  sweep  voltammogram  (LSV) 
and  the  respective  current  contributions  determined  from  the 
concomitant  mass  spectrometry  of  the  pristine  EC300,  the  samples 
graphitised  at  2100  °C  and  3200  °C.  It  is  observed  that  for  all 


samples,  the  faradaic  electrode  current  coincides  with  the  complete 
COR  to  CO2  (/co2)-  The  small  peak  at  ~  1.4  Vrhe  and  the  O2  observed 
at  potentials  >1.7  Vrhe,  meanwhile,  can  for  almost  all  samples  be 
solely  attributed  to  the  Au  surface  oxidation  and  OER  on  the  poly¬ 
crystalline  Au  substrate  respectively,  with  the  exception  of  the 
pristine  EC300  where  some  additional  02  is  observed  during  the 
initial  LSV.  Finally,  the  overlap  of  the  O2  evolved  in  the  OER  on  the 
polycrystalline  Au  substrate  for  heat-treated  sample  demonstrate 
the  precision  and  reproducibility  of  the  DEMS  measurement. 

The  polycrystalline  Au  substrate  background  and  quantity  of 
CO2  and  O2  produced,  however,  are  insufficient  to  account  for  the 
whole  of  the  faradaic  electrode  current.  Consequently,  the 
remaining  faradaic  electrode  current  is  attributed  to  the  partial  COR 
of  the  carbon  black.  The  partial  COR  may  proceed  via  the  oxidation 
of  carbon  to  either  oxygen  containing  functional  groups  or  CO,  and 
has  been  long  understood  to  occur  in  conjunction  with  the 
complete  COR  to  CO2  [41]. 

The  trend  in  both  the  mass  and  BET  area  normalised  complete 
and  partial  COR  charges  (evolved  during  the  initial  CV)  is  shown  in 
Fig.  3(B).  The  partial  COR  charge  is  observed  to  dominate  the 
complete  COR  charge  for  the  mildly  graphitised  (<2450  °C)  and,  in 
particular,  pristine  EC300  carbon  black  samples,  whereas  for  the 
more  heavily  graphitised  samples  the  respective  charges  appear  to 
be  more  comparable.  The  difference  between  the  mass  normalised 
charge  evolved  to  CO2  on  the  EC300  (0.06  C  cm-2)  and  the  graphi¬ 
tised  counterparts  (>0.009  C  cm-2)  is  significant  (although  by  nor¬ 
malising  these  charges  to  BET  the  difference  diminishes  slightly)  and 
we  can  conclude  that  the  COR  rate  for  the  non-graphitised  EC300 
and  mildly  graphitised  carbon  (2100  °C)  is  clearly  not  SA  dependent 
with  respect  to  the  more  graphitised  CRC  samples. 

In  the  logarithmic  current  vs.  potential  plots  inset  into  Fig.  3(A), 
we  are  able  to  precisely  evaluate  both  the  potential  at  which  CO2  is 
first  measured  (using  this  particular  DEMS  instrument)  and  the 
slope  of  the  linear  Tafel  region  for  the  7c 02  observed  during  the 
oxidation  of  each  of  the  HSA  carbon  blacks,  although  in  general 
these  regions  cover  less  than  one  decade  of  current.  The  CO2 
detection  limit  potentials,  equivalent  to  150  ppt,  along  with  the 
Tafel-slopes  extracted  from  the  observed  7f,  Iqo2  and  /partial-oxidation 
are  summarised  in  Table  2. 

In  this  table  we  see  that  the  CO2  detection  limit  potential  for  the 
complete  COR  of  the  carbon  blacks  increases  with  increasing  heat- 
treatment  temperature,  with  clear  steps  between  the  EC300,  the 
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Fig.  3.  (A)  Comparison  of  the  CV,  /02,  /co2  and  Wtiai-oxidation  of  the  pristine  HSA  carbon  black  supports  (EC300,  GS-2100  and  GS-3200)  during  the  initial  potential  excursion  to 
2.05  VRhe  (phase  (i))  of  the  electrochemical  oxidation  treatment  (note  that  the  polycrystalline  Au  substrate  background  is  shown  for  reference).  The  insets  show  the  corresponding 
data  plotted  in  logarithmic  (current)  scale.  (B)  Resulting  charges  for  the  complete  (solid  markers)  and  partial  (hollow  markers)  electrochemical  oxidation  of  the  HSA  carbon  black 
samples  normalised  to  85  pgc  cm"2. 
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Table  2 

Details  of  the  C02  detection  limit  (150  ppt)  potential  and  Tafel  slopes  for  the  If,  IC02 
and  /partial-oxidation  currents  extracted  from  the  initial  electrochemical  oxidation 
excursion  to  2.05  VRHe  for  the  HSA  carbon  black  samples.  Tafel  slopes  marked  *  were 
fitted  <1.8  Vrhe- 


Sample 

Graphitisation 

C02  detection 

Tafel-slope/mV  Dec  1 

temp./°C 

limit  potential/VRHE 

h 

h  02 

fpartial-Ox. 

EC300 

— 

1.35 

286 

*413  ±  6 

367 

229  ±  2 

(GS-2100) 

2100 

1.68 

241 

*307  ± 11 

292 

170  ±  2 

(GS-2450) 

2450 

1.84 

228 

200  ±  9 

208 

(GS-2800) 

2800 

1.88 

220 

206  ±  11 

— 

(GS-3200) 

3200 

1.93 

219 

170  ±  9 

— 

mildly  graphitised  sample  (2100  °C),  and  the  remaining  graphitised 
samples  (>2450  °C).  In  particular,  the  onset  of  the  complete  COR  of 
the  pristine  EC300  and  graphitised  sample  4  (2100  °C)  determined 
to  be  1.35  and  1.68  Vrhe  respectively,  are  well  within  the  potential 
window  of  a  fuel  cell  cathode  (i.e.  up  to  1.75  Vrhe  during  start-stop 
conditions  [6]).  In  contrast,  the  onset  of  the  complete  COR  of  the 
remaining  pristine,  graphitised  CRC  samples  (>2450  °C)  were 
observed  to  be  somewhat  higher  (>1.84  Vrhe)  at  the  detection  limit 
of  our  DEMS  instrument.  For  the  EC300  and  GS-2100  carbons  two 
different  Tafel-slope  linearities  are  observed  in  the  logarithmic  plot, 
above  and  below  1.8  Vrhe-  Below  1.8  Vrhe  the  slopes  are  compar¬ 
atively  shallow  (>307  mV  Dec-1);  whereas  above  1.8  Vrhe  the 
Tafel-slopes  for  all  the  carbon  black  samples  are  steeper 
(~200  ±  30  mV  Dec-1)  with  no  clear  relationship  between  Tafel- 
slope  and  the  heat-treatment  temperature.  Although  we  can 
extract  these  Tafel-esque  slopes  and  detection  limits,  their  impli¬ 
cation  is  not  entirely  clear  because  the  extraction  of  kinetic  coef¬ 
ficients  and  extrapolation  or  rates  assumes  that  the  properties  of 
the  carbon  surface  remain  constant  i.e.  it  assumes  that  the  behav¬ 
iour  of  the  carbon  does  not  change  as  a  result  of  the  measurement, 
which  we  will  see  in  phases  (ii)  and  (iii)  is  simply  not  the  case. 


3.2.2.  Influence  of  repeated  electrochemical  oxidation  to  2.05  Vrhe 
of  the  carbon  black  samples  (phase  (ii)) 

In  order  to  assess  the  changes  that  occur  in  the  respective 
electrochemical  COR  tendencies  upon  repeated  voltage  cycling, 
a  further  three  high  potential  CVs  were  performed  between  1.05 
and  2.05  VRHe  in  phase  (ii)  of  the  electrochemical  oxidation 
experiment.  An  example  series  for  the  GS-2100  carbon  is  presented 
in  Fig.  4(A),  which  shows  that  the  complete  COR  to  CO2  progres¬ 
sively  increased  slightly  in  the  first  three  CVs  before  decreasing 
again  in  the  final  fourth  CV.  The  partial  COR  charge,  however, 
remained  comparatively  consistent  whilst  no  significant  changes  in 
the  Tafel-esque  slopes  were  observed  (see  inset  of  Fig.  4A).  With  the 
intention  of  revealing  and  summarising  the  trends  in  phase  (ii) 
more  quantitatively,  the  electrode  charge  evolved  that  is  attributed 
to  the  complete  and  partial  COR  processes  during  each  of  the  first 
four  CVs  are  plotted  for  the  respective  carbons  as  a  function  of  the 
cumulative  complete  COR  charge  in  Fig.  4(B)— (F).  By  viewing  the 
data  in  this  way  we  are  able  to  bring  greater  focus  onto  the  influ¬ 
ence  of  the  pre-history  of  the  samples,  i.e.  the  dependence  of  the 
partial  and  complete  COR  processes  on  the  prior  oxidation  of  the 
carbon  black  sample. 

The  repeated  oxidation  of  the  EC300  and  heat-treated  CRC 
counterparts  reveals  three  trends  in  the  electrochemical  oxidation 
tendencies  of  carbon  blacks,  which  is  in  turn  related  to  the  heat- 
treatment  temperature  and  therefore  degree  of  graphitisation.  For 
the  pristine  EC300  sample  (Fig.  4(B)),  the  electrochemical  oxidation 
ceased  abruptly  following  the  first  potential  sweep,  a  process  that 
has  been  previously  attributed  to  the  passivation  of  the  carbon 
surface  by  non-electrochemically  oxidisable  oxygen-containing 
surface  functional  groups  [37].  In  contrast,  the  oxidation  of  the 
mildly  heat-treated  (2100  °C)  carbon  progressively  increases  during 
the  first  three  CVs  before  decreasing  in  the  final  fourth  CV  (Fig.  4(A) 
and  (C)).  The  electrochemical  oxidation  of  all  remaining  CRC 
samples  heat-treated  at  T  >  2450  °C  meanwhile  progressively 
increases  for  each  of  the  first  four  CVs  (Fig.  4(D)— (F)).  In  all  cases 
the  complete  COR  is  accompanied  by  the  partial  COR,  and  all  O2 
observed  is  again  attributed  to  the  OER  on  polycrystalline  Au 
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Fig.  4.  (A)  LSVs  and  corresponding  Ic 02  and  /partial-oxidation  for  phase  (ii)  of  the  electrochemical  AST  procedure  of  GS-2100  °C  in  Ar  saturated  0.05  mol  dm  3  H2S04,  5  mV  s_1.  The 
insets  show  the  corresponding  data  plotted  in  logarithmic  (current)  scale.  (B-F)  Resulting  complete  (solid  markers)  and  partial  (hollow  markers)  electrochemical  oxidation  charges 
of  the  respective  HSA  carbon  blacks  evolved  during  each  CV  in  phase  (ii)  of  the  AST  procedure.  The  oxidation  charges  are  plotted  as  a  function  of  the  cumulative  C02  charge  evolved 
in  order  to  bring  focus  onto  the  significance  of  each  CV. 
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substrate.  At  this  point  in  the  electrochemical  oxidation  treatment, 
the  percentage  weight  loss  of  carbon  (due  to  complete  COR  to  CO2) 
follows  the  order:  GS-2100  >  2450  >  EC300  >  2800-3200  °C,  in 
contrast  to  the  charge  evolved  during  the  initial  potential  excursion 
where  EC300  oxidised  to  the  most  extent.  Before  rationalising  these 
three  trends,  it  is  useful  to  evaluate  the  influence  of  the  lower 
electrode  potential  limit  in  phase  (iii)  of  the  experiment. 

3.2.3.  Influence  of  the  lower  potential  limit  on  the  subsequent 
electrochemical  oxidation  of  the  electrochemically  oxidised  carbon 
black  samples  (phase  (iii)) 

In  phase  (iii)  of  the  electrochemical  oxidation  experiment,  the 
effect  of  the  lower  electrode  potential  limit  (i.e.  the  reduction  of  the 
carbon),  on  the  COR  of  the  now  oxidised  (in  phases  (i)  and  (ii)) 
carbon  blacks  was  investigated.  Here,  the  lower  potential  limit  was 


progressively  decreased  from  1.05  Vrhe  (lower  limit  in  phase  (ii))  to 
0.05  Vrhe  in  steps  of  200  mV.  The  sequence  of  CVs  demonstrating 
the  significant  influence  that  lowering  the  electrode  potential  to 
<0.25  Vrhe  has  on  the  subsequent  electrochemical  oxidation  are 
summarised  in  Fig.  5(A)-(C)  for  the  pristine  EC300,  2100  °C  and 
3200  °C  samples,  respectively. 

The  effect  of  the  reduction  of  the  oxidised  carbon  surface  on  the 
subsequent  COR  can  again  be  categorised  into  three  trends.  By 
decreasing  the  WE  potential  to  0.05  Vrhe  and  reducing  the  EC300 
HSA  carbon  black  (Fig.  5(A)),  we  observe  that  the  quantity  of 
electrochemical  oxidation  current  that  occurs  during  the  subse¬ 
quent  positive  high  potential  sweep  is  not  only  significant,  but  also 
begins  at  the  considerably  lower  potential  of  ~0.5  Vrhe  peaking  at 
~  1.7  Vrhe-  The  electrochemical  oxidation  of  the  mildly  graphitised 
samples  heat-treated  <2450  °C  (Fig.  5(B))  meanwhile,  appears  to  be 


^  Phase  (iii)  Lower  VRHE  Limit: 


Potential/  VRHE 


Lower  Potential  Limit/  VRHE 


Fig.  5.  (A-C)  Comparison  of  CVs  of  the  electrochemical  oxidative  of  the  HSA  carbon  black  samples  [(A)  EC300,  (B)  GS-2100  °C,  and  (C)  GS-3200  °C]  during  phase  (iii)  of  the 
experiment  (note  that  only  CVs  with  the  lower  limits  of  1.05,  0.205  and  0.05  are  shown  for  simplicity).  (D)  The  differential  complete  COR  charge  plotted  as  a  function  of  the  lower 
potential  limit.  By  decreasing  the  lower  potential  limit  to  <0.24  VRHe  the  oxidation  of  the  HSA  carbon  black  can  be  reinitiated  (A)  or  significantly  enhanced  (B). 
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enhanced  by  decreasing  the  lower  electrode  potential  limit  to 
<0.24  Vrhe  exhibiting  the  same  broad  peak  feature  at  1.7  Vrhe- 
Furthermore,  the  reduction  of  the  HSA  carbon  black  seemingly 
coincides  with  a  non-oxidative  discharge  of  CO2  at  potentials  below 
the  standard  redox  potential  <0.207  Vrhe  of  the  complete  COR.  In 
contrast  to  the  profound  effect  that  the  electrochemical  reduction  of 
the  EC300  and  mildly  heat-treated  <2450  °C  carbon  blacks  had  on 
the  subsequent  partial  and  complete  COR  to  CO2,  the  samples  heat- 
treated  >2800  °C  are  comparatively  unaffected  by  the  lower  elec¬ 
trode  potential  (Fig.  5(C)).  In  order  to  bring  greater  focus  on  the 
influence  of  the  lower  electrode  potential  limit  on  the  quantity  of 
subsequent  oxidation,  the  differential  complete  COR  charge  (8 QJ 
8CV)  for  each  subsequent  CV  is  plotted  as  a  function  of  the  lower 
electrode  potential  limit  in  Fig.  5(D).  This  plot  clearly  shows  that  by 
decreasing  the  lower  electrode  potential  limit  to  <0.24  Vrhe.  the 
complete  COR  charge  increases  significantly  in  the  subsequent  CV 
on  the  EC300  and  mildly  heat-treated  (2100-2450  °C)  samples 
while  the  electrochemical  COR  processes  of  the  CRC  samples 
treated  at  higher  temperatures  (>2800  °C)  remain  uninfluenced.  The 
subsequent  increase  in  the  electrochemical  oxidation  is  attributed  to 
the  destruction  of  the  passivating,  non-electrochemically  oxidisable 
surface  functional  groups  that  form  during  the  initial  oxidation 
processes  (in  phases  (i)  and  (ii)). 

3.3.  Overall  consequences  of  the  electrochemical  oxidation 
treatment 

The  total  quantity  of  the  complete  and  partial  COR  charges 
evolved  during  the  whole  (phases  (i)-(iii))  electrochemical  oxida¬ 
tion  treatment  of  each  sample,  is  summarised  as  a  function  of  the 
heat-treatment  temperature  in  Fig.  6. 

The  complete  COR  of  the  graphitised  HSA  carbon  supports 
resulted  in  a  carbon  weight  loss  of  between  10  and  4wt.%  with 
generally  higher  resistance  observed  for  the  more  heavily  graphi¬ 
tised  samples.  The  ratios  of  the  complete  to  the  partial  COR  charges 
on  the  graphitised  samples  are  — 1:1.  The  carbon  weight  loss  of  the 
non-graphitised  EC300  carbon  black  to  CO2  was  overall  comparable 
to  the  more  heavily  graphitised  samples.  When  normalised  to  the 
BET  area  of  the  samples,  the  specific  complete  COR  charge  evolved 
from  the  EC300  is  in  fact  less  than  half  that  of  the  most  graphitised 
materials  (>2800  °C),  in  stark  contrast  to  the  observations  in 
Fig.  2(B)  following  phase  (i). 

3.4.  Rationalisation  of  the  observed  electrochemical  oxidation 
tendencies  of  carbon  blacks 

Although  there  is  no  commonly  accepted  description  of  the 
mechanism(s)  describing  the  COR  processes,  previous  work  has 
stressed  the  importance  of  the  oxygen  containing  surface  func¬ 
tional  groups  on  both  the  initial  and  long-term  reactivity  of  the 
carbon  blacks  [23,41].  Often,  the  initial  COR  rates  have  been  found 
to  correlate  positively  with  the  oxygen  content  (i.e.  the  initial 
concentration  of  oxygen  containing  surface  functional  groups)  of 
the  pristine  carbon  black  sample,  whereas  various  terms  such  as 
phase-,  protective-,  stable-,  or  surface-oxide,  oxide  intermediates 
and  complexes,  have  been  used  to  try  and  describe  the  apparent 
influence  of  more  stable  oxygen  containing  surface  functional 
groups  on  the  COR  during  the  course  of  an  experiment  (see 
discussion  and  references  in  Ref.  [23]).  It  has  been  previously 
proposed  that  ‘many  of  the  apparently  contradictory  results  and 
interpretations  (either  electrochemical  or  gas  phase  oxidation 
studies  prior  to  1989)  could  be  reconciled  by  invoking  the  relative 
stability  of  these  oxides  as  the  main  discriminating  factor’  going 
further  to  state  that  ‘the  more  stable  oxides  might  play  the  role  of 
decreasing  the  active  surface  area  (ASA)  of  the  carbon’  whereas  ‘the 
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Fig.  6.  (A)  The  total  quantity  of  complete  (solid  markers)  and  partial  (hollow  markers) 
electrochemical  oxidation  charge  evolved  [during  phases  (i)-(iii)]  for  each  HSA  carbon 
sample  plotted  as  a  function  of  the  graphitisation  temperature.  (B)  Corresponding 
oxidation  charges  normalised  to  BET  area. 


formation  of  each  product  molecule,  CO  or  CO2,  is  accompanied  by 
the  regeneration  of  a  free  site  and  subsequent  formation  of  another 
complex  [23]  citing  Refs.  [43,44].  It  is  this  approach  to  considering 
the  relative  stability  of  the  oxygen  containing  surface  functional 
groups  formed,  and  their  influence  on  the  electrochemically 
oxdisable  surface  area  (EOSA)  of  the  carbon  that  can  be  used  to 
rationalise  the  trends  observed  in  this  study. 

The  initial  rate  of  the  COR  processes  on  the  carbon  black  can  be 
expected  to  be  determined  by  the  nature  and  concentration  of  the 
electrochemically  oxidisable  surface  functional  groups  that  act  as 
nucleation  sites  for  either  the  complete  oxidation  to  CO2,  or  partial 
oxidation  to  either  CO  or  surface  oxygen  containing  functional 
group(s),  i.e.  they  define  the  EOSA  of  the  carbon.  If  we  consider  that 
the  COR  to  either  CO2  or  CO  must  involve  the  breakage  of  one  or 
more  C-C  bonds,  which  will  in-turn  deteriorate  the  microstructure 
of  the  carbon  generating  at  least  one  new  active  site,  then  these 
COR  processes  can  be  considered  to  either  maintain  or  increase  the 
EOSA  (unless  of  course  the  carbon  microstructure  is  completely 
consumed).  Alternatively,  if  the  partial  COR  proceeds  to  form 
oxygen  containing  surface  functional  group(s)  that  are  stable  (i.e. 
non-electrochemically  oxidisable),  then  any  further  oxidation  to 
CO2  or  CO  will  cease  at  this  site,  effectively  decreasing  the  EOSA. 

4.  Conclusions 

The  intention  of  the  study  presented  here  was  to  investigate  and 
compare  the  electrochemical  oxidation  tendencies  of  a  pristine  HSA 
carbon  black,  and  four  graphitised  CRC  counterparts  heat-treated 
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between  2100  and  3200  °C,  which  may  be  used  as  supports  for 
polymer  electrolyte  membrane  fuel  cell  catalysts.  A  methodology 
was  demonstrated  which  combines  CV  and  DEMS  that  allows  the 
characterisation  and  comparison  of  the  electrochemical  oxidation 
rates  and  tendencies  of  the  various  carbon  blacks.  It  was  observed 
that  the  behaviour  of  the  carbon  black  towards  electrochemical 
oxidation  is  highly  dependent  on  the  properties  of  the  pristine 
carbon  black  and  the  degree  of  electrochemical  oxidation,  which  is 
furthermore  dynamic.  During  the  very  first  high  potential  excur¬ 
sion,  the  complete  oxidation  of  the  pristine  EC300  and  GS-2100 
sample  to  CO2  (observed  at  1.35  and  1.68  VRHe  respectively) 
occurs  well  within  the  operating  limits  of  the  fuel  cell  cathode 
(during  stop-start),  whereas  no  CO2  was  observed  below  1.84  VRHe 
for  the  remaining  graphitised  samples  (>2450  °C).  Our  observa¬ 
tions,  however,  indicate  that  the  oxidation  of  the  carbon  can 
significantly  change  its  subsequent  behaviour  towards  further 
oxidation  as  the  EOSA  of  the  carbon  changes.  Furthermore,  by 
reducing  the  oxidised  carbon  black  at  potentials  of  <0.24  VRHe  the 
electrochemical  oxidation  may  be  re-initiated  or  enhanced  for  the 
pristine  or  mildly  graphitised  (<2450  °C)  carbon  black  samples 
(evolving  CO2  at  potentials  as  low  as  0.5  VRHe)  whereas  the  more 
heavily  graphitised  CRC  samples  (>2800  °C)  were  seemingly 
unaffected.  This  behaviour  can  be  rationalised  by  considering  the 
tendency  of  each  carbon  to  form  passivating  non-electrochemically 
oxidisable  surface  functional  group(s),  which  when  reduced  is  lost, 
allowing  significant  further  electrochemical  oxidation  to  occur. 
Thus,  the  apparently  contradictory  results  and  interpretations 
found  in  fuel  cell  AST  literature  may  in  part  be  due  to  different  pre¬ 
conditions  during  testing.  Furthermore,  these  findings  indicate  that 
the  large  differences  observed  between  fuel  cell  steady  state  and 
potential  cycling  AST  are  not  only  related  to  the  behaviour  of  sup¬ 
ported  Pt  particles  but  also  to  the  carbon  support  itself.  Concerning 
the  role  of  Pt,  and  in  light  of  the  apparently  significant  partial 
carbon  oxidation  current  we  observed,  it  should  be  emphasised 
that  there  is  a  crucial  difference  between  (i)  Pt  catalysing  the 
corrosion  of  carbon,  and  (ii)  Pt  catalysing  the  oxidation  of  carbon 
corrosion  products,  such  as  CO. 

Overall,  the  methodology  presented  here  revealed  clear  trends 
in  the  electrochemical  oxidation  behaviour  of  the  different  carbon 
blacks,  offering  new  insights  into  their  behaviour  opening  up  future 
corrosion  studies  on  other  electrocatalyst  support  materials,  and 
HSA  carbon  supported  Pt  catalysts  using  DEMS. 
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